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I .' INTRODUCTION 
A. Purpore of t h i s  Research Program 
The ob jec t ive  of t h i s  research program has been t o  consider the  
po t en t i a l  appl ica t ion  of electrohydrodynamic (EHD) e f f e c t s  i n  zero and 
reduced grav i ty  space processing and manufacturing processes.  Several 
appl ica t ions  of EHD in the zero-gravity environment of a spacecraf t  
have already been s tudied,  and these  a r e  reviewed i n  t he  next s ec t i on  
1 . )  However, very l i t t l e  a t t e n t i o n  has  been devoted t o  space 
processing appl ica t ions .  
The broad v a r i e t y  of known electrohydrodynamical e f f e c t s ,  and the  
sometimes unique f l u i d  handling c a p a b i l i t i e s  which they manifest ,  suggest 
an extensive r a the r  than in t ens ive  inves t iga t ion .  Thus, the approach 
taken has been t o  i d e n t i f y  s eve ra l  i n t e r e s t i n e  EHD space processing 
concepts and t o  study these  t h e o r e t i c a l l y  and/or experimentally.  The 
i n i t i a l l y  se lec ted  concepts a r e  b r i e f l y  described below. 
( I )  EHD u n i t  separa t ion  processes - the  use of nonuniform e l e c t r i c  
f i e l d s  t o  achieve the separa t ion  of var ious components out of heterogeneous 
f lu ids .  
( i i )  EHD l i qu id  handling and con t ro l  - employment of the  unique 
l i qu id  handling c a p a b i l i t i e s  of nonuniform e l e c t r i c  f i e l d s  t o  conta in ,  
t r ans fe r ,  and measure l i q u i d s  i n  zero-gravity. 
( i i i )  E l e c t r o s t a t i c  extrusion and f i b e r  drawing - e l e c t r i c  charge- 
f i e l d  i n t e r ac t i ons  u t i l i z e d  t o  draw f i n e  f i b e r s  of ma te r i a l s  normally 
suscept ib le  only t o  "container less"  processing. 
( i v )  EHD c r y s t a l  growth enhancement - e l e c t r i c  f i e l d  e f f e c t s  ueed 
t o  enhance (or poesibly suppress) c e r t a i n  c r y s t a l  growth phenomena. 
(v) EHD mixing, - use of bulk f r e e  charge o r  po l a r i za t i on  fo rces  
t o  promote mixing of c e r t a i n  chemically a c t i v e ,  immiecible, o r  otherwire  
inhomogeneous f lu ids .  
The concepts ( i ) ,  (11). and (v) a r e  q u i t e  bas i c ,  and could have 
appl ica t ione  i n  many d i f f e r e n t  zero-gravity processes,  whereas (111) 
and ( iv )  a r e  much more npec i f ic .  The one-year period of t h i s  i n i t i a l  
study hae not provided t h e  opportunity t o  i nves t i ga t e  t h e  more s p e c i f i c  
concepts a s  thoroughly a s  might have been possible  given more time. This 
is p a r t i c u l a r l y  t r u e  of ( i i i ) ,  e l e c t r o e t a t i c  extrusion.  The c r y s t a l  
growth enhancement a c t i v i t y  ( iv )  has  a l s o  been l imi t ed ,  though an 
annotated bibliography of t he  l i t e r a t u r e  of e l e c t r i c  f i e l d - c r y s t a l  growth 
e f f e c t s  has been prepared. 
This  repor t  is intended t o  review s i g n i f i c a n t  f ind ings  concerning 
EHD space processing gleaned from experiments, l i t e r a t u r e  readings,  
and t h e o r e t i c a l  considerat ions.  Most of t h e  conclusions drawn about 
EHD space processing are nonspecif ic ,  i n  t h a t  they do not r e f e r  t o  
s p e c i f i c  processes dest ined f o r  space manufacturing implementation. 
Such gene ra l i t y  is e n t i r e l y  cons i s t en t  with t he  s p i r i t  of t h i s  
inves t iga t ion .  The u l t ima te  i n t en t ion  of t h i s  document t he re fo re ,  i e  t o  
introduce the  c a p a b i l i t i e s  of electrohydrodynamic un i t  separa t ion ,  
l i q u i d  handl ing/control ,  and mixing t o  i n d u s t r i a l  chemists,  me ta l l u rg i s t s ,  
e t c . ,  who a r e  working on s p e c i f i c  zero-gravity processes.  These workere 
may then recognize t h a t  EHD suggests  a possible  so lu t ion  t o  a problem 
they have encountered. The r epo r t ,  wr i t t en  with t h i s  goal  i n  mind, 
conta ins  a review of previously proposed zero-gravity appl ica t ione  of 
EHD and a l s o  a b r i e f  discuesion of the  prominent electrohydrodynamical 
fo rce  e f f ec t s .  
B. Background 
Zero-gravity app l i ca t i ons  of electrobydrodynamic phenomena have 
bean considered i n  the  recent  pas t .  Some of t he  more prominent concepts 
a r e  reviewed here ,  because of t h e i r  i n d i r e c t  relevance t o  EHD space 
processing. 
1 Zero-Gravity Liquid Orientat ion 
The po la r i za t i on  fo rce  exerted on d i e l e c t r i c  l i q u i d s  by a 
s t rong nonuniform e l e c t r i c  f i e l d  may be used ro provide an a r t i f i c i a l  
g r av i t a t i ona l  f i e l d  t o  o r i e n t  d i e l e c t r i c  f l u i d s  i n  zero-gravity 
environments. Both s t a t i c  and dynamic l i qu id  o r i en t a t i on  is  possible .  
Proposed spacecraf t  propel lant  tank app l i ca t i ons  have included s lo sh  
suppression [1 ,2] ,  e f f i c i e n t  propel lant  co l l ec t i on  and tank drainage 
[3] ,  and vapor pull-through suppression [4]. 
2. Boiling Heat Transfer 
The enhancement of eb l l l l i en t  heat  t r a n s f e r  processes by s t rong 
nonuniform e l e c t r i c  f i e l d s  has been known f o r  many years. The appl ica-  
t i o n  of t he  e l e c t r i c  f i e l d  a t  t h e  heated sur face  de fe r s  the burn-out 
point  t o  higher hea t  f l u x  va lues  and a l s o  increases  t he  minimum f i lm  
bo i l i ng  point  [5 ,6 ,7 ] .  The e f f e c t  ove ra l l  is t o  increase the  e f f e c t i v e  
heat  t r ans fe r  coe f f i c i en t  throughout t he  bo i l i ng  regime. In extra-  
t e r r e s t r i a l  appl ica t ions ,  where t h e  abaence of g r av i ty  would impede 
normal e b u l l i e n t  processes ,  electrohydrodynamics may be considered a s  a 
means of promoting bo i l i ng  heat t r ans fe r .  
3. Condensation Heat Transfer 
EHD e f f e c t s  couple t o  condensing l i q u i d  f i lms  and may be 
u t i l i z e d  t o  promote pseudo-dropwise condensation [a]. In zero-gravity 
s i t u a t i o n s ,  electrohydrodynamic forces  could be used t o  remove l i qu id  
from a condensing sur face  thereby enhancing condensation heat t r a n s f e r .  
4. Pumping and Mixing 
Various pumping schemes a r e  of possible  relevance t o  zero- 
g rav i ty  appl ica t ions ,  including ion drag [ 9 ]  and sur face  
t r ave l ing  wave [ l o ]  mechanisms. Somewhat r e l a t ed  t o  pumping is 
mixing. Hoburg is studying var ious  bulk e l e c t r i c  f i e l d  coupling 
concepts and t h e i r  relevance t o  earthbound and e x t r a - t e r r e s t r i a l  
mixing problems [ l l ]  . 
5. Spec i f ic  Device Applications 
Several  devices which have been developed o r  a r e  presen t ly  
under study u t i l i z e  electrohydrodynamic phenomena. A l l  of these  have 
been developed with aerospace app l i ca t i ons  i n  mind. One device is the  
electrohydrodynamic heat p ipe  [12,13], which u t i l i z e s  an e l ec t ro -  
mechanical flow s t ruc tu r2  i n  p lace  of a  conventional c a p i l l a r y  wick 
f o r  a x i a l  l i q u i d  t ranspor t .  Another is a  cooling system concept f o r  
spacecraf t  environmental con t ro l  [14].  A t h i rd  device is  a  l i qu id  
oxygen converter [15]. 
C. ElectrohyCrodynamic Forces 
The d i v e r s i t y  of poss ib le  app l i ca t i ons  of electrohydrodynamic 
phenomena stems from t h e  d ive r se  manifestat ions of force e f f e c t s  exer ted 
on d i e l e c t r i c  f l u i d s  by e l e c t l i c  f i e l d s .  The c l a s s i c a l  force dens i ty  
expression, including f r e e  charge, po l a r i za t i on ,  and e l e c t r o s t r i c t i v e  
fo rces  is 
where pf = f r e e  charge dens i ty ,  
- 
E = e l e c t r i c  f i e l d ,  
E = d i e l e c t r i c  pe rmi t t i v i t y ,  
and p = d i e l e c t r i c  f l u i d  dens i ty .  
I n  pumping and mixing a p p l i c a t i o n s ,  t h e  f r e e  charge term (p E) t e n d s  t o  f  
dominate, whi le  i n  t h e  l i q u i d  o r i e n t a t i o n  a p p l i c a t i o n s ,  t h e  p o l a r i z a t i o n  
term (- e2vc) is significant. The t h i r d  term d e s c r i b e s  e l e c t r o -  2 
s t r i c t i o n  e f f e c t s  which a r e  no t  of s i g n i f i r a n c e  i n  any ze ro -grav i ty  E! 
a p p l i c a t i o n s  considered he re .  
1. Free Charge Forces  
Free  charge  f o r c e s  a r i s e  when charge  s e p a r a t i o n  occurs  i n  a  
f l u i d  medium s t r e s s e d  by an e l e c t r i c  f i e l d .  The charge may be e i t h e r  
induced o r  i n j e c t e d  e x t e r n a l l y .  A s imple  example i s  t h e  ion-drag pump, 
i l l u s t r a t e d  i n  Fig .  1.1. Charges a r e  i n j e c t e d  i n t o  t h e  f i u i d  bulk  
by a  l o c a l i z e d  breakdown process .  These charges  a r e  d r iven  by t h e  
imposed e l e c t r i c  f i e l d  toward t h e  o p p o s i t e  e l e c t r o d e .  The charges ,  
t y p i c a l l y  a t t a c h e d  t o  molecules o r  small impur i ty  p a r t i c l e s ,  transmit. 
t h e i r  f o r c e  t o  t h e  l i q u i d  bu lk  by v i scous  d r a g  coupl ing,  and t h e  
r e s u l t  is n e t  f l u i d  motion, o r  ion-drag pumping. 
Another example of f r e e  charge f o r c e s  a t  work occurs  when an 
e l e c t r i c  f i e l d  is a p p l i e d  t o  a n  inhomogeneous medium. Inhomogeneit ies 
o r  d i s c o n t i n u i t i e s  i n  t h e  e l e c t r i c  c o n d u c t i v i t y  r e s u l t  i n  f :  e e  charge  
buildup.  Th i s  occurs  a t  t h e  vapor i n t e r f a c e  of a  uniform d i e l e c t r i c ,  
o r  i n  t h e  bulk  of a  nonuniform d i e l e c t r i c .  Once t h i s  distributed charge  
b u i l d s  up, i t  can i n t e r a c t  wi th  t h e  imposed e l e c t r i c  f i e l d  and/or i ts  
own induced e l e c t r i c  f i e l d  t o  produce f l u i d  motiona. These motions 
o f t e n  ten,? t o  mix t h e  f l u i d .  Refer t o  Fig .  1.2.  
2 .  P o l a r i z a t i o n  Forces  
The form of t h e  p o l a r i z a t i o n  f o r c e  term i n  Eq.  (1.1) above 
s u g g e s t s  t h a t  i t  deperids on inhomogeneit ies i n  t h e  d i e l e c t r i c  p e r m i t t i v i t y  
. It f u r t h e r  sugges t s  t h a t  t h e  p o l a r i z a t i o n  f o r c e  is s i n g u l a r  a t  t h e  
ion-inj ec t in8 
electrode 
1 
ign-collec ting 
/ electrode 
Figure 1.1 Ion-Drag Pumping Scheme. Up-stream electrode must bave 
same sign as most easi ly created ion for a particular 
f luid.  
Figure 1.2 Electric Field Distortion due to inhomogenous liquid 
conductor. Bulk forces thus induced tend to promote 
mixing. 
i n t e r f a c e  between incompressible f l u i d s  of d i f f e r i n g  p e r m i t t i v i t i e s ,  
r e s u l t i n g  i n  an e f f e c t i v e  d i s con t inu i ty  i n  hydros ta t ic  pressure ac ros s  
an i n t e r f ace .  This  is only p a r t i a l l y  t rue ;  t h e  most important condi t ion 
r e q u i s i t e  t o  observing po la r i za t i on  forces  is a  nonuniform e l e c t r i c  
f i e l d .  I n  f a c t ,  the  easiest and most complete phenomenological descr ip t ion  
of EHD polar iza t ion  fo rces  der ives  from the  tendency of d i e l e c t r i c  
mater ia l  of r e l a t i v e l y  higher polar;.,ability t o  be drawn toward regions 
of higher e l e c t r i c  f i e l d  s t rength .  Conversely, d i e l e c t r i c  ma te r i a l  of 
lower r e l a t i v e  p o l a r i z a b i l i t y  is expelled from regions of higher e l e c t r i c  
f i e l d  s t rength.  Several  simple experimental demonstrations of t h i s  
phenomenon serve  a s  i n s t r u c t i v e  examples. 
I n  Fig. 1.3, two small  d i e l e c t r i c  spheres of d i e l e c t r i c  pe rmi t t i v i t y  
€1 and E a r e  located between diverging e lec t rode  p l a t e s  which have been 2 
innnersed i n  a  t h i r d  d i e l e c t r i c  medium of pe rmi t t i v i t y  c . I f  w e  assume 
m 
E > E  a n d ~ ~ c ~ ~ ,  then the  po l a r i za t i on  force  1 m 
w i l l  tend t o  draw t h e  sphere number 1 i n t o  the  region of higner e l e c t r i c  
f  ie;d, while the  force  
w i l l  tend t o  expel t he  sphere number 2 .  Typical ly ,  t h e  sphere F maber 1 
would be a  so l id  sphere of d i e l e c t r i c  mater ia l  euch tha t  > The 
sphere number 2 would be a  vapor o r  gap k b b l e  with c = c < c . 2 0 m 
This e f f e c t  is ca l l ed  "dielectrophoresis"  by Pohl [16].  
Another example of the po l a r i za t i on  fo rce  is i l l u s t r a t e d  i n  Fig. 1.4, 
where var ious e lec t rode  conf igura t ion  a r e  shown with d i e l e c t r i c  f l u i d  
Figure 1.3 Illustration of Dielectrophoretic Force on Dielectric 
PartLcles i n  Non-unif orm Electric Field. (Note 
- 
F1, F2 are perpendicular to  6 . )  
parallel-plate diverging-plat e 
cylindrical parallel-plate 
Figure 1.4 Examples of Dielectric Liquid Orientation Using the 
Polarization Force Effect . 
hydros t a t i ca l l y  or ien ted  i n  t he  high e l e c t r i c  f i e l d  regions.  Note how 
t h e  poss ib le  f l u i d  configurat ions a r e  l imi ted  only by the  e l ec t rode  
s t r u c t u r e s  and the  e l e c t r i c  f i e l d  d i s t r i b u t i o n  they produce. These 
o r i en t a t i on  schemes are character ized quan t i t a t i ve ly  by the  body 
2 fo rce  (-4E V E )  cf Eq. (1.1). The r e s u l t a n t  e f f e c t i v e  sur face  force ,  o r  
e f f e c t i v e  pressure d i f fe rence ,  may be equated t o  the hydros ta t ic  head 
t o  determine the  so-called d i e l e c t r i c  height  of rise h. The grav i ta -  
2 t i o n a l  acce le ra t ion  g = 9.81 m/sec may be replaced by acce l e r a t i on  
a t o  p red i c t  t he  c a p a b i l i t y  of an  EHD d i e l e c t r i c  f l u i d  o r i en t a t i on  
scheme in  a zero-gravity environment. 
S t i l l  another exampl? of the  po l a r i za t i on  force  is the  bulk force  
exerted on an  inhomogeneous d i e l e c t r i c  then subjected t o  a high 
frequency e l e c t r i c  f i e l d .  This force  tends t o  induce turbulence and 
mixing. 
The above discussion is not t o  be misconstrued a s  a review of a l l  
u se fu l  electrohydrodynamic force  e f f e c t s .  There a r e  many o ther  piler~orena 
which have not  been considered. The only forces  discussed have been 
those of d i r e c t  re levance t o  the EHD space processing concepts s tudied.  
Other electrohydrodynamic phenomena not  s tudied he re  might meri t  f u tu re  
considerat ion i n  space processing. These EHD e f f e c t s  include monolayer 
and double-layer i n t e r ac t i ons  re levant  t o  e lectrochemistry.  An 
exhaust ive discussion of electrohydrodynamics is found i n  a review 
a r t i c l e  by J. R. Melcher 1171. 
X I .  ELECTROEIYDRODYNAMIC UNIT SEPARATION PROCESSES 
A capab i l i t y  of separa t ing  out var ious  components of inhomogeneous 
f l u i d e  i n  zero-gravity environments is of poss ib le  s ign i f i cance  i n  
var ious  space processing appl ica t ions .  McCreight and G r i f f i n  [ l a ]  have 
given i n i t i a l  f e a s i b i l i t y  considerat ion t o  t h r ee  u n i t  separa t ion  processes 
with p o t e n t i a l  app l i ca t i on  t o  chemical and b io log i ca l  pu r i f i ca t i on .  
These a r e  cen t r i fug ing ,  e lec t rophores i s ,  and freeze-drying. It may be 
argued t h a t  e lec t rophores i s  is an  electrohydrodynamic e f f e c t ,  and there-  
fo re  within the  scope of t h i s  study. However, t he  considerable  e f f o r t s  
devoted by o the r s  t o  e l ec t ropnore t i c  separa t ion  of b io log i ca l  components 
( i n  vaccines,  e tc . )  precludes t he  need t o  study it here.  Centrifuging 
is apparent ly  not  considered t o  have the  p o t e n t i a l  i n  space processing 
manifested by freeze-drying o r  e lec t rophores i s .  
In  t h i s  study, t h r e e  d i s t i n c t  types of separa t ion  using d i e l ec -  
t rophores i s  (DEP) have been considered. These involve l iqu id-so l id ,  
l iqu id- l iqu id  and liquid-gas systems. Liquid-solid separa t ion  was 
s tudied experimentally by Pohl a s  e a r l y  a s  1951 [16].  He success fu l ly  
separated s o l i d  p a r t i c l e s  of carbon black f i l l e r  from polyvinyl  ch lo r ide  
i n  di-isopropyl ketone. It was h i s  conclusion t h a t  separa t ion  of 
p a r t i c l e s  smaller than a few microns meters) would not be p r a c t i c a l  
due t o  t h e  weak na ture  of t h e  d i e l ec t rophore t i c  force  i n  competit ion 
wi th  thermal d i f fus ion .  
Separation of small  l i qu id  d rop le t s  out of a parent l i qu id  wee 
t r i e d  experimentally,  with t h e  r e s u l t  t h a t  t h e  d rop le t s  d i s t o r t e d  
dramatical ly  i n t o  long t h i n  spikes .  This  d i s t o r t i o n ,  due t o  the  low 
l iqu id- l iqu id  sur face  tens ion ,  masked out  any e f f e c t i v e  DEP separa t ion .  
It was concluded t h a t  l iqu id- l iqu id  separa t ion  (of small  d rop le t s )  is not 
a p r a c t i c a l  scheme. 
Extensive experiments in  the  d i e l ec t rophore t i c  separa t ion  of gaseous 
and vapor bubbles were conducted, and the  r e s u l t s  show promise. The 
experiments are reviewed i n  s ec t i on  It B.* 
Dielectrophoresis  may be of i n t e r e s t  i n  s eve ra l  un i t  separa t ion  
processes,  i sc lud lng  ( i )  t h e  c o l l e c t i o n  of undesirable  gaslvapor bubbles 
trapped o r  evolved i n  l i q u i d  d i e l e c t r i c s  including cryogens, and (11) 
the  r e m v a l  of unwanted bubbles from c e r t a i n  molten p l a s t i c  media. A 
r e l a t e d  app l i ca t i on  of d i e l ec t rophores i s  i s  ( i i i )  t h e  l e v i t a t i o n  and 
pos i t ion ing  of vapor bubbles i n  d i e l e c t r i c  l i q u i d s ,  e spec i a l l y  cryogenics.  
A. Dielectrophoret ic  Separation 
The d i e l ec t rophore t i c  fo rce  expression of Eq. (1.2) o r  (1.3) may 
be used t o  write an equat ion of motion f o r  a sphe r i ca l  bubble of rad ius  r 
and d i e l e c t r i c  pe rmi t t i v i t y  cb i n  an i n s u l a t i n g  f l u i d  of pe rmi t t i v i t y  
I 4n, f l u i d  sphere model (pure l i q u i d ) ;  where C = 6n, s o l i d  sphere model (impure l i q u i d ) .  
This e luh t ion  balances t h e  g r a v i t a t i o n a l  (buoyant) force  with the DEP 
for: ,-!  and viscous drag fo rce  (low Reynolds number l i m i t ) .  For bubbles, 
t h e  coe f f i c i en t  C depends on whether t h e  parent  l i qu id  is pure or 
impure. I f  the  l i qu id  is impure, a monolayer sometimes forms on the 
in te r face . .  and the  bubble behaves l i k e  a s o l i d  sphere (Stokes drag)[20] .  
* More thorough dccumentation of t he se  experiments and of appropr ia te  
theory is i n  preparat ion [19]. 
- 
I n  t h e  s t a t i c  case,  v = 0 and we can so lve  Eq. (2.1) f o r  an 
e f f e c t i v e  g r a v i t a t i o n a l  acce l e r a t i on  g' . 
m 
Equation (2.2) may be used f o r  o rder  of magnitude ca l cu l a t i ons  of t he  
fo rce  on a gas  o r  vapor bubble. 
Let 
where V is t h e  appl ied vo l tage  and s is a c h a r a c t e r i s t i c  dimension 
of t he  nonuniform e l e c t r i c  f i e l d  E. Then, i f  t y p i c a l  va lues  fo r  t h e  
f l u i d  p rope r t i e s  a r e  employed (cm= 2. 5c0, cb= E 3 0' pm = 1 0  kg/m3,pb "'0 rn 1, 
where V is expressed i n  k i l o v o l t s ,  scm is i n  cent imeters .  and g' kv 
2 is i n  centimeters!second . Equation (2.4) i nd i ca t e s  t h a t  the DEP fo rce  
. 
on a bubble is  s i g n i f i c ~ ~ t  wi th  respec t  t o  grav i ty  only fo r  high vol tages  
and/or mall e lec t rode  dimensions and spacings.  Furthermore, Eq. (2.4) 
does not r e f l e c t  t he  l i m i t a t i o n s  imposed b j  joulean heat ing and d i e l e c t r i c  
breakdown (see s ec t i on  III.A.3.). Because of the  r e l a t i v e l y  weak na ture  
of t h i s  fo rce ,  i t  is important t o  emphasize the c a p a b i l i t i e s  of the  DEP 
force  which make i t  unique. 
B. Experiments 
An experimental i nves t i ga t ion  has been conducted t o  v e r i f y  
experimentally t heo re t i ca l  models f o r  t he  inf luence of nonuniform 
e l e c t r i c  f i e l d s  on ges bubbles i n  var ious d i e l e c t r i c  f l u i d s .  While 
t h i s  research  is  not  complete, t he  important r e s u l t s  a r e  reviewed here.  
The experimental conf igura t ion  shown i n  Fig. 2 . la  allows a s t a t i c  
measurement of t h e  d i e l ec t rophore t i c  fo rce  by balancing i t  aga ins t  t he  
buoyancy of t h e  bubble. A r i t r o g e n  gas bubble is released from below 
and r i e e s  up i n t o  t h e  nonuniform hor izonta l  e l e c t r i c  f i e l d .  The e l e c t r i c  
f i e l d  gradient  is  p o s i t i v e  upward, thus t h e  DEP fo rce  on t h e  bubble is  
downward. The bubble rises i n t o  t h e  increasing e l e c t r i c  f i e l d  u n t i l  
t h e  ne t  fo rce  is zero, and t h e  bubble s tops .  Actually,  t h e  bubbles do 
not  remain midway between the  p l a t e s ,  but tend toward one o r  t he  o ther  
e lec t rode  p l a t e ,  where they remain u n t i l  t he  vol tage is turned o f f .  The 
s t a t i ona ry  pos i t i on  of t h e  bubble is  measured and compared t o  theory i n  
Fig. 2.lb. The bubbles e longa te  s l i g h t l y ,  a s  Garton and Krasucki 
observed [21],  and t h e  r a t h e r  small  e f f e c t  of t h i s  e longat ion on the  
t heo re t i ca l  ca lcu la t ion  is shown i n  t he  f igure.  Figure 2.lb i l l u s t r a t e s  the 
reasonably good c o r r e l a t i o n  of t h e  experimental d a t a  t o  the  t h e o r e t i c a l  
node1 f o r  t h r ee  d i f f e r e n t  d i e l e c t r i c  f l u i d s  i n  ac  and dc e l e c t r i c  f i e l d s .  
Attempts t o  conduct s imi l a r  experiments with t i n y  d r o p l e t s  of 
d i e l e c t r i c  f l u i d  were unsuccessful because t he  d r o p l e t s  elongated i n t o  
needle shaped masses which tended t o  br idge the e lec t rodes .  
The diverging p l a t e  e l ec t rodes  used t o  s top  the bubbles a r e  qu i t e  
u se fu l  i n  t h e  experimental v e r i f i c a t i o n  of t he  theory, but they do not 
provide a p r a c t i c a l  means of con t ro l l i ng  s ing l e  bubbles i n  r e a l i s t i c  
s i t ua t i ons .  Another e lec t rode  s t r u c t u r e ,  shown i n  Figure 2.2a. is much 
more promising. It c o n s i s t s  of a r i n g  e lec t rode  (below) and a d i s k  
e lec t rode  (above). When a bubble of n i t rogen  gas is released from below 
i n t o  a d i e l e c t r i c  l i q u i d ,  t he  bubble rises till it g e t s  near the r i n g  
e lec t rode  where t h e  e l e c t r i c  f i e l d  s t a r t s  t o  a c t  on i t .  I f  t he  e l e c t r i c  
f i e l d  is s t rong  enough, the  bubble w i l l  come t o  r e s t  on t he  e l ec t rode  
s ta t i ca l ly  oriented 
N2 gas bubble 
f ormf ng 
bubble 
bubble 
inj  ector 
(a) Experimental Setup. Electrode structure is 
immersed in  die lectr ic  liquid. 
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Figure 2.1 Static Dielectrophorrtic Force Measurement Experiment 
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system axis  approximately midway between t h e  r i n g  and d i s k ,  a s  shown. 
The bubble e t a y s  cen te red  due t o  t h e  n a t u r e  of t h e  r a d i a l  e l e c t r i c  
f i e l d  g r a d i e n t .  By va ry ing  t h e  v o l t a g e ,  t h e  v e r t i c a l  e q u i l i b r i u m  
p o s i t i o n  of t h e  bubble can be  moved somewhat. A t h e o r e t i c a l  model 
f o r  t h i s  p r a c t i c a l  bubble p o s i t i o n i n g  geometry is p r e s e n t l y  being 
developed. The scheme shows promise i n  c e r t a i n  cryogenic  and o p t i c a l  
a p p l i c a t i o n s ,  where p r e c i s i o n  bubble p o s i t i o n i n g  might be u s e f u l .  
Another e l e c t r o d e  s t r u c t u r e  which can hold  a  bubble i n  zero-gravi ty  
i s  shown i n  F igure  2.2b. 
Another experiment,  shown i n  F ig .  2.3a provides  a  means of s tudy ing  
t h e  bubble dynamics. The bubble is r e l e a s e d  between two d ive rgen t  g l a s s  
p l a t e s  which have been t r e a t e d  w i t h  t i n  oxide  t o  provide  a t r a n s p a r e n t  
conductive c o a t i n g .  A v o l t a g e  impressed between the  conducting g l a s s  
e l e c t r o d e s  p rov ides  a  nonuniform e l e c t r i c  f i e l d  which t ends  t o  push t h e  
bubbles outward (toward t h e  weaker e l e c t r i c  f i e l d ) .  Thus, t h e  bubbles  
p r e s c r i b e  a curved t r a j e c t o r y  a s  shown i n  Fig .  2.3b. Independent 
experiments wi th  r i s i n g  n i t r o g e n  bubbles i n d i c a t e s  t h a t  t h e s e  bubbles  
i n  d i e l e c t r i c  l i q u i d s  such a s  t r aas fo rmer  o i l ,  corn  o i l ,  and Freon-11 p 
behave e s s e n t i a l l y  as s o l i d  spheres .  Data p l o t t e d  i n  F ig .  2.3b a long  
wi th  t h e o r e t i c a l  t r a j e c t o r i e s  demonstra te  r easonab le  c o r r e l a t i o n  of 
experiments t o  t h e  dynamic theory.  
C. Conclusions 
Without a s p e c i f i c  space  p rocess ing  a p p l i c a t i o n  proposed f o r  
d i e l e c t r o p h o r e t i c  u n i t  s e p a r a t i d n ,  i t  i s  d i f f i c u l t  t o  draw any but 
genera l  conc lus ions  based on our r e s u l t s .  One genera l  conc lus ion ,  which 
must be  a t t r i b u t e d  p r i m a r i l y  t o  t h e  cons ide rab ly  e a r l i e r  vork of Pohl 

[16] is t h a t  t h e r e  is a  d e f i n i t e  minimum s i z e  l i m i t  on p a r t i c l e s  which 
can be  separa ted  o u t  by d i e l e c t r o p h o r e s i s .  For s o l i d  p a r t i c l e s ,  t h i s  
s i z e  l i m i t  i e  of t h e  o r d e r  of microns,  and i t  i s  imposed by thermal  
motion. For bubbles,  a  s i m i l a r  thermal ly  imposed minimum s i z e  l i m i t  
of approximately one micron is imposed. D i e l e c t r o p h o r c t i c  s e p a r a t i o n  
of bubbles  smaller than  t h e  o rde r  of microns should t h e r e f o r e  be 
i n e f f e c t i v e .  
Another conc lus ion  is  t h a t  DEP s e p a r a t i o n  is r e s t r i c t e d  t o  i n s u l a t i n g  
f l u i d s  and s o l i d s .  Th i s  of course  s u b s t a n t i a l l y  l i m i t s  t h e  p o s s i b l e  
a p p l i c a t i o n s .  S t i l l ,  d i e l e c t r o p h o r e t i c  s e p a r a t l o n  must be -viewed a s  
a n  a l t e r n a t i v e  when e l e c t r o p h o r e s i s  is i n e f f e c t i v e ,  which is sometimes 
t h e  c a s e  i n  i n s u l a t i n g  f l u i d s .  I t  is  a l s o  q u i t e  promising i n  cryogenic  
l i q u i d s .  
1. Liquid-Solid D i e l e c t r o p h o r e s i s  
I n  s i t u a t i o n s  where i n s u l a t i n g  s o l i d  p a r t i c l e s  l a r g e r  than ' 1 
micron a r e  t o  be s e p a r a t e d  o u t  of a n  i n s u l a t i n g  d i e l e c t r i c  f l u i d ,  
d i e l e c t r o p h o r e s i s  is an a l t e r n a t i v e  t o  c e n t r i f u g i n g  o r  f reeze-drying,  
a t  least when extremely h igh  e n r i c h n e n t s  a r e  no t  r equ i red .  
2. Liquid-Liquid D i e l e c t r o p h o r e s i s  
The experiments conducted wi th  l i q u i d - l i q u i d  d i e l e c  t r o p h o r e s i s  
i n d i c a t e  t h a t  moderately smal l  d i e l e c t r i c  l i q u i d  d r o p l e t s  a r e  s o  
d i s t o r t e d  by t h e  e l e c t r i c  f i e l d  t h a t  u n i t  s e p a r a t i o n  p rocesses  a r e  
probably not  p o s s i b l e .  For very  smal l  d r o p l e t s  ( < <  lmm d i a m e t e r ) ,  t h i s  
e longa t ion  may not  be a s  severe .  
3. Liquid-Gas D i e l e c t r o p h o r e s i s  
Primary a t t e n t i o n  i n  t h i s  s tudy has  been devoted t o  d i e l e c t r o -  
p h o r e t i c  e f f e c t s  on g a s  bubbles i n  d i e l e c t r i c  l i q u i d s .  This  f o r c e  is 
not  ve ry  s t r o n g  compared t o  normal t e r r e s t r i a l  g r a v i t a t i o n ,  but i t  
p r e s e n t s  a  unique means of moving and c o n t r o l l i n g  bubbles which 
n e i t h e r  c e n t r i f u g i n g ,  e l e c t r o p h o r e s i s ,  nor f reeze-drying can achieve.  
Die lec t rophores i s  may be the  only p r a c t i c a l  means of s e p a r a t i n g  gas  
o r  vapor bubbles i n  i n s u l a t i n g  l i q u i d s .  
Two p o s s t b l e  problems w i t h  d i e l e c t r o p h o r e t i c  separat:on may hamper 
a p p l i c a t i o n  of t h i s  e f f e c t .  Some d i f f i c u l t y  i n  c o n t r o l l i n g  vapor bubbles 
produced by nuc lea te  b o i l i n g  was encountered.  Th is  was a t t '  t. . e d  t o  
t h e  inhomogeneities i n  t h e  l i q u i d  d i e l e c t r i c  produced by tho. . .t.ing. 
These inhomogeneities introduced t h e  EHD mixing e f f e c t s  desc r ibed  above 
( s e c t i o n  l .B).  The e f f e c t  was more pronounced f o r  dc e l e c t r i c  f i e l d s  
than f o r  ac.  Another poss ib le  problem is  t h e  induced d i s t o r t i o n  of 
very  l a r g e  bubbles and t h e  d i f f i c u l t y  of moving such d i s t o r t e d  bubbles 
by e l e c t r o d e  s t r u c t u r e s  of convenient s i z e  and conf igura t ion .  
4 .  Bubble Purging i n  Molten Media 
Die lec t rophores i s  o f f e r s  a means of e x e r t i n g  a  c o n t r o l l a b l e  
f o r c e  on unwanted bubblen found i n  molten media. This  f o r c e  might be 
used t o  purge such bubbles from such media, p r i o r  t o  o o l l d i f i c a t i o n .  
The a p p l i c a t i o n  of t h i s  technique t o  o p t i c a l  g l a s s  mel t s  and t o  molded 
p l a s t i c s  i n  zero-gravi ty  cpace process ing is of some I n t e r e s t .  No 
e l e c t r i c a l  conduc t iv i ty  o r  d i e l e c t r i c  cons tan t  daed f o r  o p t i c a l  g l a s s e s  
o r  p l a s t i c s  i n  t h e i r  molten s t a t e s  have been found, but d a t a  f o r  t y p i c a l  
g l a s s e s  i n  t h e i r  s o l i d  s t a t e s  is  discouraging.  E l e c t r i c a l  c o n d u c t i v i t i e s  
appear t o  be t o o  high t o  be c o n s i s t e n t  wi th  p r a c t i c a l  high vo l tage  
power supply c o n s t r a i n t s .  Bubble purgtng i n  o p t i c a l  g l a s s  mel t s  does  not 
show any promise, but i n  c e r t a i n  h igh ly  i n s u l a t i n g  p l a s r l c s ,  d l e l e c t r o p h o r e s i s  
may be app l icab le .  
5. DEP i n  Cryogenic Liquids  
D i e l e c t r o p h o r e s i s  i n  cryogenic   liquid^ dese rves  s p e c i a l  
mention because t h e m  l i q u i d s  a r e  i d e a l  d i e l e c t r o p h o r e t i c  media 
(due tc; t h e i r  e x c e l l e n t  i n s u l a t i o n  and b r  akdown c h a r a c t e i i s t l c s ) .  
Their  d i e l e c t r i c  c o n s t a n t s  are no t  h igh ,  however t h i s  is not  a r e a l  
problem i n  a zero-gravi ty  environment. Cryogeas a r e  not t r u e  ohmic 
conductors;  t h e  ve ry  small c u r r e n t s  measured i n  t h e s e  l i q u i d s  a r e  
s t r o n g  f u n c t i o n s  of e l e c t r o d e  c o n f i g u r a t i o n ,  i n d i c a t i n g  t h a t  uni -polar  
charge  conduction dominates [ 2 2 ] .  Thus, i t  is not  me,-qingful t o  
d e r i v e  a joulean h e a t i n g  l i m i t  f o r  t h e s e  d i e l e c t r i c s .  
Die lec t royhores i s  appears  t o  o f f e r  some unique c a p a b i l i t i e s  i n  
t h e  c o n t r o l  of  evolved vapor bubbles  i n  a cryogenic  l i q u i d .  In 
zero-gravi ty ,  evolving bubbles of vapor i n  a cryogenic  l i q u i d  w i l l  not  
a11 n a t u r a l l y  move toward a c o l l e c t i o n  p o i n t  u n l e s s  some f o r c e  is 
provided. Any space  manufacturing scheme r e q u i r i n g  a bubble-free cryogen 
may b e n e f i t  from d i e l e c t r o p h o r e s i s .  
Laser f u s i o n  programs a t  Lawrence Livermore Laboratory (AEC) and 
elsewhere a r e  proposing t h e  use  of  hollow spheres  of DT (deuterium 
t r i t i d e )  as t a r g e t s .  The d e s i r e d  s i z e  of t h e s e  t a r g e t  spheres  ranges  
from 100 microns up t o  '1. mi l l ime te r .  Some d i f f i c u l t y  i n  producing 
hollow spheres  i n  t h i s  s i z e  range is t o  be a n t i c i p a t e d .  The u t i l i z a t i o n  
of d i e l e c t r o p h o r e s i s  t o  l e v i t a t e  and c o n t r o l  DT vapor bubbles i n  a 
zero-gravi ty  environment may o f f e r  a s o l u t i o n  TO t h i s  process ing problem. 
The photographs i n  Fig .  2.2a,b show - 1  mm bubbles of n i t r o g e n  gas  
l e v i t a t e d  i n  a d i e l e c t r i c  f l u i d  ( i n  t h i s  experiment,  Mazola c w n  o i l ) .  
The same e f f e c t  i s  o b t a i n a b l e  i n  c rogen ic  l i q u i d s .  It is of i n t e r e s t  t o  
n o t e  t h a t  bubbles over a wide range of s i z e s  (from 11 mm t o  ' 2 . 0  mm) 
have been l e v i t a t e d  i n  t h i s  way. Fur the r ,  t h e  v a r i a b l e  v o l t a g e  can be 
used t o  c o n t r o l  t h e  bubble p o s i t i o n  over  a range of s e v e r a l  m i l l i m e t e r s .  
111. ZLECTROHYDRODYNAMIC LIQUID HANDLING AND CONTROL 
The con t ro l  of l i q u i d s  i n  t he  zero-gravity environment of a  
spacecraf t  %a not  a  t r i v i a l  concern. In  space processing app l i ca t i ons ,  
a need t o  contain,  t r a n s f e r ,  measure, and otherwise con t ro l  l i q u i d s  
used i n  var ious processes may be an t ic ipa ted .  The pola r iza t ion  fo rce  
discussed i n  s ec t i on  I.B.2 above o f f e r s  a  means of con t ro l l i ng  a  l imi ted  
c l a s s  of l i qu ids ,  namely i n su l a t i ng  d i e l e c t r i c s .  This r e s t r i c t i o n  t o  
nonconductors is apparent ly  severe because many l i q u i d s  (e.g. ,  water) 
are a t  l e a s t  r e l a t i v e l y  good conductors. However, the  s eve r i t y  of t h i s  
l i m i t  on e l e c t r i c a l  ionduct iv i ty  depends on seve ra l  f ac to r s  including 
the  allowable joulean heat ing,  t he  choice of an ac  e l e c t r i c  f i e l d  
frequency, and t h e  s p e c i f i c  l i qu id  o r i en t a t i on  configurat ion.  A more 
de t a i l ed  discussion found i n  sec t ion  1 I I . A  expla ins  how the  l i m i t  on 
t h e  l i qu id  e l e c t r i c a l  conduct ivi ty  is es tab l i shed .  
A. S t a t i c  Liquid Orientat ion 
1. Fluid Or ien ta t ion  Configurations 
The grea t  v a r i e t y  of poss ib le  l i qu id  o r i en t a t i on  conf igura t ions  
shown i n  Fig. 1.4 have the  f ea tu re s  i n  conunon t h a t  (1) the d i e l e c t r i c  
f l u i d  c o l l e c t s  i n  t he  high e l e c t r i c  f i e l d  region,  ( i i )  the  i n t e r f a c e  
bulges i n t o  t h e  f r ing ing  f i e l d ,  and ( i i i )  the  e l e c t r i c  f i e l d  is 
e s s e n t i a l l y  t angen t i a l  t o  the  i n t e r f ace .  In  an ordinary laboratory 
environment, experimental study of l i qu id  o r i en t a t i on  with po l a r i za t i on  
forces  is d i f f i c u l t  due t o  severe atmospheric e l e c t r i c a l  breakdown 
l imi ta t ions .  A pressurized environment allows one t o  achieve very high 
7 v o l t s  
e l e c t r i c  f i e l d  s t r eng ths  ('10 meter ) with common d i e l e c t r i c s  (& < 3 ) .  
f; 
0 
The high pressure i n  e f f e c t  i.mulates a  reduced grav i ty  environment by 
reducing the ratio of gravitational to polarization body forces. 
The results of typical experiments in an environment of N at ' 250 psig 2 
are shown in Figure 3.1. Here are a collection of photographs of 
various electrode configurations with dielectric liquid oriented in 
the inter-electrode space. 
The static dielectric liquid orientation problem can be separated 
into two prominent aspects, the hydrostatic equilibrium problem and 
the hydrodynamic stability problem. The details of equilibrium liquid 
profile calculations are not in the scope of this report; they are 
found elsewhere [23]. All of the configurations in Fig. 1.4 are stable 
to small disturbances. Such disturbances of the equilibrium are usually 
manifested as surface waves of small amplitude which resonate at a 
frequency inversely proportional to wavelength and which decay away 
due to viscous damping. These surface wave resonances may be important 
in zero-gravity liquid orientation applications if such a system is 
subject to vibrations at a freqt ency close to a resonance. 
2. Fluid Orientation in Zero-Gravity 
The performance of an electrohydrodynamic liquid container in 
zero-gravity is l i-mited by its sensitivity to acceleration and/or 
vibration. The behavior of most dielectric liquid orientation geometries 
are quite similar and may be modelled by the very simple geometry shown 
in F'g. 3.2. Two parallel plates of dimensions and w are placed at 
a spacing s, and a voltage V is applied between them. A dielectric 
fluid of permittivity E and density p is held between the plates by 
the polarization force. The liquid interface bulges into the fringing 
field E, which is assumed to have the spatial dependence shown in 
the figure. 
(a )  I 'acallcl-p1,1~r rb~lnrnt , t r -%v ( h )  I:yl in l lr ics  1 Sromt-ntrv 
( d )  Diverr:cnt -pla!- ( f  111  i l t s:~ppt.cl 
3 t  top)  
Figure  3.1 I 'nr ious l l i t ~ l c c t s i c  rlitirl Orientation Cenrnetr i r *~ .  I:xporint.-9.: 
pcrtorrncll in ptrss l r rc  vosscl a t  '15n  psi^ drv  K, ::as. 
- 
- 
(a) Parallel-Plate System 
d ie l ec tr i c  f lu id  bulging 
outward by amount 5 die l ec tr i c  f lu id  
sagging inward by 
amount 5 
- 
a 
(acceleration) 
(b) Model of the Fringing Field Dependence 
Figure 3 . 2  Parallel-Plate Dielectric  Liquid System Geometry 
We consider t he  e f f e c t  of acce lera t ing  the system t o  the r i g h t  a t  
3 
an acce lera t ion  a (m/sec-) which is d i rec ted  along the long a x i s  of 
t h e  electrodes.  In  response, t he  f l u i d  mass w i l l  sag back an amount 5 
which depends on the  acce lera t ion .  Consider the frame of references a t  
r e s t  with respect  t o  t he  electrodes.  In  t h i s  reference frame. there  
w i l l  be an apparent g rav i t a t i ona l  force  tending t o  pu l l  the f l u id  out 
from the  e lec t rodes  t o  t he  l e f t .  Balancing the  surface and pressure 
forces  on the  forward fac ing  and backward facing in t e r f aces :  
where E = v /s and I E I 5 s/2.  However, 
0 
lll +pa l l  = P ~ ,  
and i f  we use Eq. (3.1),  (3.2), and (3.3) we obtain: 
Equation (3.4) descr ibes  the  s t a t i c  f l u i d  response t o  a steady 
acce lera t ion  a. Note t h a t  t he  inequal i ty  / 5 1 - < s / 2  puts  a l i m i t  on 
the  maximum allowable acce lera t ion  a fo r  a given system a t  a given 
voltage. I f  t h i s  inequal i ty  is v io l a t ed ,  f l u i d  is  l i k e l y  t o  b e  l o s t .  
When f l u i d  l o s s  occurs,  the containment s t r u c t u r e  has f a i l e d .  
Joulean heat ing and breakdown 
Two important e f f e c t s  l i m i t  the maximum e l e c t r i c  f i e l d  which 
can be applied t o  a d i e l e c t r i c  l i qu id  t o  o r i en t  i t .  These a re  joulean 
heat ing and e l e c t r i c a l  breakdown. These l i m i t s  may be i l l u s t r a t e d  
conveniently by using Eq. (3.4). The maximum acce l e r a t i on  the  s t a t i c  
EHD o r i e n t a t i o n  s t r u c t u r e  of Fig. 3.2 can sus t a in  a t  a  given e l e c t r i c  
f l e l d  Eo v i t hou t  probable f l u i d  l o s s  is  determined by s e t t i n g  5 = s / 2  
i n  Eq. (3.4). Thus, 
When an  e l e c t r i c  f i e l d  E s t r e s s e s  a  d i e l e c t r i c ,  the  cur ren t  
dens i ty  = t% r e s u l t s  i n  ohmic o r  joulean heat ing of the  l i qu id  bulk. 
The r a t e  of power d i s s i p a t i o n  per un i t  volume is 
- - 2 watts 
Pdiss  = J e E = a E ,  (- meter 3 
where a  is t h e  e l e c t r i c a l  conduct ivi ty .  Using Eq. (3.5) and (3.6),  
w e  ge t  
The quant i ty  (at)max is p lo t t ed  versus  P d i s s  i n  F ig .  3.3 f o r  a  number 
of d i e l e c t r i c  f l u i d s ,  ranging from highly i n s u l a t i n g  s i l i c o n  oil(DC-200) :o 
r e l a t i v e l y  conducting glycer ine.  The p rope r t i e s  of the f l u i d s  used t o  
perform t h e  ca l cu l a t i ons  a r e  found i n  Table 3.1. Note t h a t  t o  s i ~ s t h i n  
a  given va lue  of (aE)max f o r  both DOK-Corning 200 s e r i e s  s i l i c o n  o i l  
an3 f o r  g lycer ine ,  a  r a t e  of joulean heat ing approximately seven o rde r s  
of magnitude higher must be sustained i n  t he  glycer ine.  This t r a n s l a t e s  
t o  an instantaneous heat ing r a t e  which can be ca lcu la ted  a s  follows 
so  t h a t  
'
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Table 3.1 
Proper t ies  of Some Representative D ie l ec t r i c  Liquids Relevant 
t o  Electrohydrodynamic Space Processing (compiled from 
published and unpublished sources) 
Fluid 
(manu- 
f a c tu re r )  
Freon-113 
(Dupont) 
Freon-12 
(Dupont) 
. -- -- -~ 
Dowt herm 
A 
(Dew) 
DC-200 
(10 cent id  
s toke)  
(Dow- 
Corning) 
FS-1265 
(Dow- 
Corning) 
Corn O i l  
Conduc- 
t i v i t y  
(mhoslm) 
u 
- 2 * 1 0 - ~ ~  
-- 
- 1 . 7 * 1 0 - ~ ~  
(75°F) 
10-l~ 
(23°C) 
3*3*10-9 
(-25°C) 
- .5=10 -lo 
Dielec- 
t r i c  
Constant 
E / c0 
2.41 
(25°C) 
2.13 
(29°C) 
- 
3.26 
(75°F) 
2*64 
(23°C) 
6.95 
(-25°C) 
3.1 
(Mazola) 
Relax- 
a t i o n  
Tine 
(sec)  
T 
-1.1 
- - 
-- 
*I7 
(75°F) 
> l o ( ? )  
(23°C) 
(-25°C) 
- .55 
Break- 
down 
Strength 
(kV/cm) 
E 
Liquid : 
?06. (25°C) 
Vapor : 
156. ( s a t .  
47°C) 
-- 
Vapor : 
68. (latm. 
73°F) 
-Liquid: 
209* ('50F" 
-- 
Liquid : 
165(23"C) ,. 
- - 
79, (23°C) 
Liquid : 
-- 
- - 
(-25°C) 
. 
( - 2 5 ' ~ )  ( - 2 5 " ~ )  (-25°C) ( - 2  3OC) I 
Liquid 
Densitjy 
(kg/m ) 
P 
1.57- lo3  
(25°C) 
3 
-''31*10 
(25OC) 
-- 
1. 057. 
(75°F) 
.94* lo3  
(23°C) 
1.25.10 
(25°C) 
0.91*lo3 
(-25°C) 
dynamic 
v i s cos i t y  
(kg/m- 
sec ) 
v 
.68- 
(25°C) 
.396=10-~  
,(-21.6"F)- 
.2 
(25°C) 
- 
3.8. 10-3 
(25°C) 
9.4.  
(23°C) 
,375 
(25°C) 
- 
5.46. 
-- 
Surface 
tensfon 
(nt/m) 
Y 
.0173 
(25°C) 
.009 
(25°C) 
-040 
(68°F) 
M ,  
.020 
(23°C) 
.0257 
(23°C) 
.062 
Table 3.1 (Continued) 
F lu id  
(manu- 
f a c t u r e r )  
Castor 
O i l  
CP- 9 
(Monsanto' 
Aroclor- 1 1232 
:Monsanto) 
Trans- 
former Oi : .  
(GE 10C) 
S u l f u r  
[Liquid) 
Dlelec- ' 
t r i c  
Constant 
c / ro  
4.67 
(-25OC) 
2.66 
(25OC) 
Conduc- 
t i v i t y  
(mhos/rn) 
u 
-- 
Untreated 
10'1° 
Treated: 
10-12 
Manu.Jhta 
< 
Methyl .785* l o 3  
Alcohol (25OC) (25OC) (25OC) (25OC) 
Glycer ine  42.5 6.4- 5.9. l . 2 6 * l o 3  
(2S°C) (25OC) (25OC) (25OC) 
-- 
H2° l o 3  
(2S°C) 
.547* lo-: 
(25OC) 
.954 
(25°C) 
(20°C) 
Relax- 
a t i o n  
Time 
( sec )  
T 
- - 
,Untreated 
.24 
Treated : 
2.4 
.021R 
(30°C) 
.063 
(18OC) 
-- 
.073 
(18OC) 
5.4-5.7 2. 10-ll(?. 1 ( 2 5 0 ~ ) '  
(25.C) :h;rl:s)s 
2 . 4 ( ? )  
-016-. 048 
>40 
(23°C) 
- - 
. 
2.56 
(25OC) 
3.52 
(118OC) 
Break- 
down 
S t reng th  
(kV/cm) 
Eb 
- - 
Liquid: 
157 
- 
(25OC) 
-I3 <5*10 ? 
(23OC 
- - 
Liquid 
Density 
tg/m3) ( 
P 
.96*10 3 
(-25OC) 
,980 10 3 
(25°C) 
Liquid: 
138. (2-1 l . 2 7 * l o 3  
(25°C) 
~~~:~ i ! i /  1 .047 
-- 
- - 
Dynamic 
v i s c o s i t y  
(kglm- 
sec) 
P 
.99 
(20') 
4 . 3 5 * 1 0 - ~  
(lOO°F) 
<1.3*10-' 
(210°F) 
- lom2 
(23°C) 
.0109 
(123OC) 
-87 ' lo3 
(23OC) 
1 . 8 - l o 3  
' Surface  
t ens ion  
(nt/m) 
1 
- - 
.038 
(22OC) 
(23OC) 
.04 
(23OC) 
.039 
(445OC) 
- 
The Eq. (3.9) i s  p lo t ted  i n  Fig. 3.4. Note t h a t  the  instantaneous 
heat ing r a t e  i n  water and glycerine a r e  conlpletely unacceptable for  
-2 2 2 
reasonable values of (aL)- > 10 m l sec  . For t h i s  reason, water 
and most o ther  polar  d i e l e c t r i c  media cannot be used i n  EHD l iqu id  
o r i en t a t ion  appl ica t ions .  
Another l i m i t  is imposed on (all)max by e l e c t r i c a l  breakdown. 
Liquids w i l l  s u s t a in  a maximum e l e c t r i c a l  s t r e s s  Eb before breakdown 
occurs. This i n  e f f e c t  l i m i t s  the  performance by put t ing  an upper 
l i m i t  on t h e  useable port ion of the  curves i n  Fig. 3.3 fo r  each given 
l iqu id .  These l i m i t s  a r e  calculated based on published l iqu id  breakdown 
s t rengths  contained i n  Table 3.1. 
Charge re laxa t ion  
The charge r e l axa t ion  time, 
is  the  time constant associated with the  buildup of e l e c t r i c  charge a t  
the  in t e r f ace  of a f i n i t e  conducting medium. For the l iqu id  c r i e n t a t l o n  
schemes of Fig. 1 .4 ,  the  only e f f e c t  of charge re laxa t ion  is a sur face  
i n s t a b i l i t y  mechanism f o r  dc e l e c t r i c  f i e l d s  [24]. This i n s t a b i l i t y  
r e s u l t s  i n  a sur face  dr iven convection of l i qu id  which is more pronounced 
i n  l e s s  viscous li ids .  I f  l i qu id  convection must be completely 
eliminated. then charge re laxa t ion  imposes the l i m i t  t h a t  the e l e c t r i c  
f i e l d  a l t e r n a t e  a t  a frequence f such tha t :  
1 a f > > -  = -  
T 6 (3.11) 
Vibration a t  Resonances 
I f  an EHD containment s t r u c t u r e  i n  a zero-gravity environment 
is  subjected t o  s t rong v ib ra t ions  a t  a frequency c lose  t o  a sur face  
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wave resonance,  f l u i d  can be l o s t  by pa ramet r i c  e x c i t a t i o n  of 
l a r g e  magnitude s u r f a c e  waves. The magnitude of t h e s e  waves 
depends on f l u i d  v i s c o s i t y ,  and s o  t h e  l i m i t a t i o n  on t h e  s e n s i t i v i t y  
t o  v i b r a t i o n s  of EHD containment is  dependent on t h e  f l u i d  p r o p e r t i e s ,  
t h e  e l e c t r i c  f i e l d  s t r e n g t h ,  and t h e  e l e c t r o d e  s t r u c t u r e  i t s e l f .  
The problem is  a  ve ry  complex v i scous  f l u i d  mechanics problem which 
h a s  n o t  y e t  admit ted  s o l u t i o n  [ 2 5 ] .  Thus, no g e n e r a l  c r i t e r i o n  f o r  
avoiding s t r u c t u r e  f a i l u r e  due t o  v i b r a t i o n s  is i n  e x i s t e n c e .  
3. Cryogenic Liquid O r i e n t a t i o n  
Cryogenic l i q u i d s  a r e  nonohmic, h igh ly  i n s u l a t i n g  d i e l e c t r i c s ,  
and t h u s  it  is  n a t u r a l  t o  cons ide r  electrohydrodynamic o r i e n t a t i o n  of 
t h e s e  l i q u i d s  i n  zero-gravi ty  space process ing a p p l i c a t i o n s .  Because 
they  a r e  nonohmic, ? t  is  meaningless e i t h e r  t o  d i s c u s s  jou lean  h e a t i n g  
i n  cryogens o r  t o  a t tempt  t o  r e p r e s e n t  cryogens i n  F igs .  3.3 o r  3.4. 
The important  l i m i t  i s  e l e c t r i c a l  breakdown i n  t h e  l i q u i d  (o r  vapor) .  
Thus, we use  Eq. (3.5) wi th  Eo = I + ,  t h e  breakdown s t r e n g t h  of t h e  
vapor ,  t o  o b t a i n  ( a t )  . The Table 3.2 c o n t a i n s  d a t a  f o r  a number of 
max 
important  cryogens,  inc lud ing  s e v e r a l  i s o t o p e s  of hydrogen. Unfor tuna te ly ,  
t h e  l e c k  of vapor breakdown mzasurements a t  low vapor p r e s s u r e  f o r  
a l l  b u t  H2 precludes comprehensive s e t  of  c a l c u l a t i o n s  of (at)max. 
Even wi thout  more complete d a t a ,  i t  A S  i o s s i b l e  t o  suggest  t h a t  t h e  
electrohydrodynamic o r i e n t a t i o n  and c o n t r o l  of cryogens shows promise 
i n  zero-gravi ty  space  process ing a p p l i c a t i o n s .  Cryogenic l i q u i d s  do 
n o t  s u f f e r  from t h e  problem of jou lean  h e a t i n g ,  a s  do normal d i e l e c t r i c s ,  
because they a r e  e x c e l l e n t  i n s u l a t o r s .  C o n t r o l l i n g  cryogens remotely 
by e l e c t r i c  f i e l d s  h o l d s  some c l e a r  advantages over mechanical systems 
i n  zero-gravi ty .  
Table 3.2 Dielectr ic  Properties of Certain Important Cryogenic 
Liquids and their  Vapors (eourcee: (22,261) 
L 
Cryo- 
genic 
Liquid 
r 
N2 
O2 
I He 
H2 
D2 
DT 
Relative 
Dielectric  
Constant 
1.454 
(70°K) 
1.307 
(80°Kj 
1.055 
(2.06OK) 
1.231 
(20.4OK) 
1.26 
(23.7OK) 
1.27 
(24.4'K) 
Denei t y 
P 
3 (kg/m 
.838* lo3 
(77.2OK) 
1.14- 10 3 
(90°K) 
.147= lo3  
(20.4OKj 
.07*103 
(20.4OK) 
.16* lo3 
(23.7'K) 
.21* 10 3 
(24.4'K) 
11.27 . 26-lo3 
(25OK) T2 
-- 1 -- 1 -- -* 
I 
- 
(25OK) 
(a2)max 
- - 
- - 
- - 
- - 
- - 
- 
-- 
Breakdown Strength 
(kV/cm) 
~ i q u i d  
=b t 
-560 
(77OK) 
-- 
-220 
(4.2OK) 
-1100. 
(14-20°K) 
-- 
--- 
- - 
I Vapor 
Ebv 
-- 
-- 
-- 
- 280 
(20°K) 
-- 
-- 
4. EH3 Containers  
Severa l  concepts  f o r  electrohydrodynamic c o n t a i n e r s  Lave 
been considered.  The f i r s t  is a simple e l e c t r o d e  s t r u c t u r e  which 
may be  f i t t e d  t o  t h e  top  of a l i q u i d  con ta ine r  t o  prevent l o s s  of 
l i q u i d  from t h e  c o n t a i n e r  dur ing  temporary s to rage .  See Figure  3.5a. 
The " b o t t l e  cap" would be disconnectad from t h e  high v o l t a g e  when 
t h e  con ta ine r  was t o  be emptied. This dev ice  would h ~ v e  a disadvantage 
i n  t h a t  evolved vapor would remain trapped a s  shown. Figure  3.5b 
~ h o w s  a conceptual ized con ta iner  wi thout  t h i s  d isadvantage.  The 
e l e c t r o d e  spacing v a r i e s  from t h e  bottom t o  t h e  top ,  thus  f o r c i n g  
ou t  vapor bubbles Th is  same s t r u c t u r e  could s e r v e  a s  a graduated 
c y l i n d e r  u s e f u l  i n  measuring ou t  q u a n t i t i e s  of l i q u i d .  Th is  l a t t e r  
concept i s  somewhat d i f f e r e n t  from t h e  " b o t t l e  cap" i n  t h a t  i t  relies 
on a unjform g r s d i e n t  I n  t h e  e l e c t r i c  f i e l d  which is d l r e c t e d  a long 
t h e  long a x i s  of e l e c t r o d e  s t r u c t u r e .  The bf::,itllcy i such s p a t i a l l y  
varying s t r u c t u r e s  h a s  been s tud ied  i n  a p ressur ized  environment 
( see  Fig.  3 . l c ,d )  and is well-understood. Refer t o  Appendix A. 
B. Dynamic Liquid O r i e n t a t i o n  
Figure  3.6 i l l u s t r a t e s  a v a r i e t y  of e l e c t r o d e  s t r u c t u r e s  capable  
of conta ining and guiding d i e l e c t r i c  l i q u i d s .  Of t h e s e ,  the  " ten t"  
geometry has a l r e a d y  been used i n  an electrohydrodynamic heat  p ipe  
[13] and t h e  p a r a l l e l - p l a t e  s t r u c t u r e  has  been used i n  a d i e l e c t r i c  
siphon [ 2 7 ] .  These electromechnnical  flow s t r u c t u r e s  are n o t  capable  
of pumping f l u i d s ,  but  i f  a  body f o r c e  o r  a p ressure  g rad ien t  1s app l ied  
a long t h e  a x i s  of t h e  s t r u c t u r e ,  l i q u i d  w i l l  flow. A t t r a c t i v e  f e a t u r e s  
of these  flow s t r u c t u r e s  Include t h e  extendive f r e e  s u r f a c e s  which 
1 trapped vapor 
(a . )  EHD "Bott le  Sap" Concept 
(b. ) EHD Graduated Cylinder Concept 
Figure 3 . 5  Various Electrohydrcdynamic Liquid Container 
Concept 8. 
Figure 3.6 Various Electrohydrodynamic Flow Structures 
permit collection of fluid at o point or evaporation and expulsion 
of vapor bubbles. Also, they ca.1 be controlled to an extent by 
varying the voltage. The chief limitation is the restriction to 
poorly conducting dielectrics. 
1. Equilibrium and Stability 
Electromechanical flow structures differ from static liquid 
orientation schemes primarily in that the net flow of liquid alters 
the dynamics and the equilibrium. The structures are normally stable 
with respect to small perturbations. These perturbations are manifested 
as electrohydrodynamically coupled surface waves, which are discussed 
elsewhere [28] and are of no interest here. The dynamic equilibrium is 
established by a balance of hydrodynamic, viscous, and body (acceleration) 
1 2  forces with the electrohydrodynamic surface force (- E PC). 
2. Hydrodynamic Failure of EHD Flow Structures 
If the hydrodynamic forces in an electromechanical flow structure 
are excessive, a pressure drop will exist along the structure which 
the electric field cannot support. Depending on the nature of the flow 
system, either unwanted fluid expulsion or "pinch-in" can occur. 
It is important to be able to avoid such failure. 
Without specifying the geometry of the flow structure or the nature 
of the flow, it is still possible to specify the maximum allowed 
pressure drop Ap (i, p,p) before flow structure failure occurs. 
max 
where m = mass flow r a t e ,  p = dynamic v i s c o s i t y ,  p = f l u i d  dens i ty ,  
and E is  t h e  t angen t i a l  e l e c t r i c  f i e l d  a t  t he  point  where f a i l u r e  
i e  about t o  occur. Equation (3.12) may be r ewr i t t en  as shown below 
t o  rhow limits on Apm- by e l e c t r i c a l  breakdown ar.d joulean heating. 
Equation (3.13) is p lo t t ed  i n  Fig. 3.7 f o r  a v a r i e t y  of d i e l e c t r i c  
f l u id s .  To obta in  t h e  m a x i m u m  flow r a t e  ix f o r  a given geometry 
acld e l e c t r i c  f i e l d ,  A ~ - ( ~ , U , P )  must be known. 
C . Conclusions 
A number of conclusions about electrohydrodynamic l i qu id  handling 
and con t ro l  can be gleaned from t h e  above discussion.  Some of these  
conclusions a r e  q u i t e  general  i n  t h e i r  impl ica t ions ,  but a l l  a r e  
re levant  t o  space processing appl ica t ions .  
Liquid handling with e l e c t r i c  f i e l d s  is l imi ted  t o  non- 
conductors, such a s  d i e l e c t r i c  i n su l a to r s .  Other l i q u i d s  
such as a lcohol ,  water,  e t c .  s u f f e r  unacceptably high 
joulean heat ing when s t rong  e l e c t r i c  f i e l d s  a r e  appl ied.  
Good conducting l i q u i d s  a r e  completely out of the  range 
of p o s s i b i l i t y .  
Subject t o  r e a l i z a t i o n  of complex e l ec t rode  conf igura t ions ,  
d i e l e c t r i c  f l u i d s  can be s t a t i c a l l y  or ien ted  i n  a 
v a r i e t y  of shapes and p r o f i l e s .  This c a p a b i l i t y  may 
have i n t e r e s t i n g  p o t e n t i a l  i n  t he  shaping and molding 
of p l a s t i c  p a r t s .  Thorough assessment of t h i s  concept 
has been prevented by a lack  of a v a i l a b i l i t y  of e l e c t r i c  
p rope r t i e s  f o r  p l a s t i c s  i n  t h e i r  molten s t a t e s .  
Using EHD condui ts  of f a i r l y  simple design, d i e l e c t r i c  
l i q u i d s  can be siphoned o r  t ransfer red  from one loca t ion  
t o  another. These s t r u c t u r e s  a r e  of i n t e r e s t  because 
they a r e  vol tage-control led and because they f ea tu re  
f r e e  l i qu id  sur faces  which a r e  capable of inges t ing  
l i qu id  o r  expe l l ing  vapor. Such a flow s t r u c t u r e  might 
f ind  app l i ca t i on  i n  a zero-gravity process which r equ i r e s  
a cont ro l led  flow of a cryogenic l i qu id  f o r  cooling o r  
processing. 

Zero-gravity cryogenic l i q u i d  management i n  genera l  may 
benef i t  from EHD l i q u i d  handling and con t ro l  concepts 
discussed above. Cryogenic l i qu ids  have exce l l en t  
d i e l e c t r i c  p roper t ies ,  and apparently would not be 
subjec t  t o  joulean heat ing l i m i t s  with ca re fu l ly  
prepared and polished e lec t rodes .  
EHD l i q u i d  conta iners  and measuring devices  show some 
l imited promise, but the  requirement of high vol tage,  
t he  l i m i t a t i o n  t o  i n su l a t i ng  d i e l e c t r i c s ,  and the 
weight and cos t  pena l t i e s  of such e labora te  schemes 
may preclude t h e i r  appl ica t ion .  
IV . ELECTROSTATIC EXTRUSION 
Conta ine r l ess  p rocess ing  of v a r i o u s  m a t e r i a l s  i n  t h e i r  molten 
states is a n  a r e a  r e c e i v i n g  much a t t e n t i o n  i n  t h e  space p rocess ing  
technology program. The zero-gravi ty  environment of a s p a c e c r a f t ,  
coupled wi th  a means t o  l e v i t a t e  melts of c e r t a i n  m a t e r i a l s ,  p rov ides  
a p o s s i b l e  method t o  p rocess  r e a c t i v e  and c o r r o s i v e  m a t e r i a l s  i n t o  
u s e f u l  forms. These m a t e r i a l s  i n c l u d e  l i q u i d  m e t a l s  and a l l o y s ,  
molten inorgan ic  compounds, o p t i c a l  g l a s s e s ,  e t c .  One very  
i n t e r e s t i n g  a p p l i c a t i o n  of  c o n t a i n e r l e s s  process ing i s  i n  the  
product ion of f i n e  f i l a m e n t s  of boron o r  o t h e r  m a t e r i a l s .  
Experiments by Melcher and Warren [29 ]  suggest  t h e  p o s s i b i l i t y  
t h a t  an  e l e c t r o s t a t i c  e x t r u s i o n  technique r e l e v a n t  t o  c o n t a i n e r l e s s ,  
zero-gravi ty  process ing might be p o s s i b l e .  The essence  of t h e i r  
experiment i s  shown i n  F igure  4.1. A semi- insula t ing l i q u i d  (a  
water-glycer ine  mix tu re  was used) is allowed t o  d r i b b l e  from a 
small tube.  By pass ing  a n  e l e c t r i c  c u r r e n t  through t h e  j e t  and 
applying a n  e x t e r n a l  e l e c t r i c  f i e l d ,  the  l i q u i d  j e t  can be s t a b i l i z e d ,  
a c c e l e r a t e d ,  and drawn i n t o  a very  f i n e  f i l a m e n t .  Melcher and 
Warren's t h e o r e t i c a l  model of t h e  dynamics of t h i s  cu r ren t -d r iven  j e t  
s u c c e s s f u l l y  p r e d i c t s  t h e  s t eady  dynamical behavior .  Relevant l i q u i d  
parameters  In  t h e  dynamical theory inc lude  d i e l e c t r i c  c o n s t a n t ,  
e l e c t r i c a l  c o n d u c t i v i t y ,  s u r f a c e  t e n s i o n ,  l i q u i d  d e n s i t y ,  and a t  
l e a s t  a n  e s t i m a t e  of the  v i s c o s i t y .  
Figure 4 
. 
. 
. 
. 
. 
. . 
molted m e $ i u a  
. . 
electrode 
cool ing/sol id i f  ying 
- filament 
1 The Basic Electrostat ic  Extrueion Concept. 
The proposed application of the current-driven jet to electro- 
rtatic extrusion of molten materials is complicated by several 
factors, including a heat transfer problem aeeociated with solid- 
ification of the thin, convecting, EHD-stabilized molten jet, and 
the temperature-dependent nature of various fluid properties. It 
io quite likely that the transfer of heat away from the flowing jet 
to induce solidification can be promoted by using a corona-wind 
cooling mechanism discovered by Blomgren [ 3 0 ] .  However, the temperature- 
dependent property problem is difficult to assess without theoretical 
modellng efforts beyond those of Melcher and Warren. This point 
illustrates the need for good thermophysical property data in addition 
to the properties previously mentioned, over reasonable temperature 
ranges. Such data was not found to be available in this study. 
As a result, no substantial progress in modeling the behavior of a 
convecting, solidifying current-driven jet was made. 
On the experimental front, some effort wab devoted to the study 
of the water-glycerine current-driven jet, in an effort to reproduce 
the sub-critical, accelerating jet condition [ 2 7 ] .  Sulfur received 
some consideration as a molten medium because of its relatively low 
melting point and its insulating properties in the solid state. 
However, numerous practical complexities appeared to preclude comp,stion 
of any meai.ingfu1 experiments in the one-year time period of this 
study. 
Without experimental demonstration of electrost~cic extrusion or 
feasibility calculations based on theoretical models, it is not 
possible to assess the potential of this concept in space proceseing. 
- 
The difficulties with obtaining property data for the molten atrter 
of various umteriale ruggeat that an experlmental approach, 
porsibly urine nrolten rulfur, would be appropriate. 
V. ELECTROHYDRODYNAMIC EFFECTS ON CRYSTAL GROWTH 
The work performed on t h i s  t a r k  con r i e t e  of a l i t e r a t u r e  r ev i ev  
prepared by D. R. Winder [31). Numeroue e f f e c t e  of e l e c t r i c  f i e l d r  
on crystf l l  growth procesoee have been i d e n t i f i e d ,  but few i f  any 
h v e  been invest igated.  The implicat ion of these e f f e c t e  for a 
zero-gravity environment a r e  unknown. The lack  of e l e c t r i c a l  p rope r t i e r  
da ta  on the  awlten s t a t e s  of crystal-producing mater ia l s ,  previouely 
mentioned wi th  regard t o  bubble purging ( 9  II.C.4) and e l e c t r o s t a t i c  
ex t rus ion  ( I  I V ) ,  precludad an in-depth survey of the p o t e n t i a l i t i e s .  
For completenees, the  re fe rences  l i s t e d  below, compiled by D. R .  
Winder, a r e  provided. The subjec t  headings under which they appear 
provide a measurement of t he  range of e l e c t r i c  f i e l d  and e lec t ro-  
hydrodynamic e f f e c t s  re levant  t o  crystal lography.  
A REVIEW OF THE LITERATURE ON THE EFFECTS dF ELECTRIC 
FIELDS ON CRYSTAL GROWTH 
(compiled by D. R. Winder, Ju ly ,  1974) 
1. Crys ta l  growth d i r e c t l y  cont ro l led  by e l e c t r i c  f i e l d s  
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VI . SLECTROHYDRODYNAMICALLY CONTROLLED MIXING 
Late i n  the  conduct of t h i s  research program, a t t en t ion  was 
directed t o  the  work of J. F. Hoburg, a doctoral student i n  
the  Department of Elec t r ica l  Engineering a t  the Massachusetts I n s t i t u t e  
of Technology. Hoburg's thes i s  topic is electrohydrodynamic 
mixing processes. The use of electrohydrodynamic mixing mechanisms 
i n  zero-gravity space processing was alluded t o  i n  the o r ig ina l  proposal, 
but was not considered part  of the research program. However, exposure 
t o  Hoburg's work on the  subject prompted the  principal  invest igator  t o  
add a brief  review of electrohydrodynamic mixing t o  the f i n a l  report .  
A. Introduction 
Mixing operations a r e  of fundamental s ignif icance i n  numerous 
proposed zero-gravity space processing applications. Examples include 
the  mixing of various miscible andlor immiscible compounds and substances 
t o  produce new al loys,  composite materials ,  e t c .  The zero-gravity 
environment i t s e l f  is a t t r a c t i v e ,  because separation of immiscibles 
does not occur a s  rapidly a s  i n  a t e r r e s t r i a l  gravi ta t ional  f i e ld .  
For t h i s  reason, various mixing methods must be considered for  t h e i r  
application i n  space processing. 
Mixing may be characterized by two measures: sca le  and in tens i ty .  
The s c a l e  is a measure of the  average distance between centers  of 
maximum property var ia t ions  i n  a mixture. In tens i ty  is a measure of 
the magnitude of property var ia t ion  within a mixture. For purposes 
here, it is convenient t o  use the  sca le  measure t o  compare various 
mixing mechanisms. The most coumon means of achieving mixing is 
w c h a n i c a l  r t i r r i n g .  This process is q u i t e  e f f e c t i v e  a t  s c a l e s  
on t h e  order  of s i z e  of t h e  mechanical s t i r r e r  i t s e l f .  I f  f i n e r  
scale mixture is r e w i r e d ,  then a s t i r r e r  with a more e labora te  
and smaller s t r u c t u r e  must be used. For t h i s  reason, a l i m i t  on the  
c a p a b i l i t i e s  of mechanical s t i r r i n g  e x i s t s .  This limit might be 
quant i f ied  i n  terms of t h e  time required t o  achieve a mixture of a 
c e r t a i n  scale .  The time required t o  achieve a mixture s c a l e  much 
emaller than t h e  s i z e  of t h e  stirrer becomes excessive. 
Another mixing mechanism, d i f fus ion ,  e x i s t s  na tu ra l ly  i n  a l l  
mixtures. Diffusion can achieve mixing on very f i n e  s c a l e s  i n  very 
s h o r t  times. However, because d i f fus ion  times depend on the  square 
of t h e  c h a r a c t e r i s t i c  length,  d i f fus ion  is  too slow on l a rge r  sca les .  
Hoburg states t h a t ,  f o r  mixing s c a l e s  intermediate  between those 
of mechanical mixing and d i f fus ion ,  electrohydrodynamic mixing may 
provide an a t t r a c t i v e  a l t e r n a t i v e  [ l l ] .  For t h i s  reason, EHD mixing 
merits considerat ion f o r  space and t e r r e s t r i a l  processing appl ica t ions .  
B. Electrohydrodynamic Mixing 
1. Important Mechanisms 
To e f f e c t  mixing of components using e l e c t r i c  f i e l d s ,  a 
number of d i f f e r e n t  mechanisms suggest themselves. Included a r e  
double-layer, ion-drag, and conduct ivi ty  gradient  phenomena. While 
only t h e  latter mechanism is considered here,  a l l  th ree  a r e  s imi l a r  
dynamic body forces  which tend t o  mix adjacent f l u l d  parce ls  of 
d i f f e r i n g  proper t ies .  For example, an e l e c t r i c  f i e l d  applied t o  an 
ohmic conducting f l u i d  with a conductivity p r o f i l e  w i l l  induce f r e e  
charge i n  t h e  f l u i d  bulk, which is acted on by t h e  e l e c t r i c  f i e l d ,  
producing motion. From thermodynamic coneiderat ions i t  is c l e a r  t h a t  +h- 
induced f l u i d  motions w i l l  a c t  t o  reduce the  s c a l e  of inhomogenieties 
This is of course the  des i red  r e s u l t ,  namely mixing. 
Two l imi t ing  cases  of conduct ivi ty  gradient  s i t u a t i o n s  may 
be ident i f ied .  One is t h e  weak gradient  case  of a heated l i qu id ,  
a p a r t i a l l y  mixed combination of miscible  l i qu ids ,  o r  a eo l id  
d i ~ s o l v l n g  i n  a l iqu id .  Zahn has considered what he calls t h e  
"epace-charge dynamicst' of such s i t u a t i o n s  [32].  The o ther  l imi t ing  
case  is the  s t rong  gradient  s i t u a t i o n ,  which e x i s t s  i n  the i m e d i a t e  
v i c i n i t y  of t h e  i n t e r f a c e  between miscible  o r  immiscible f l u i d s .  
Hoburg has coneidered t h i s  latter category of problems [ l l ] .  
Figures 6. la  and b show the  simple configurat ions vhich can be 
used t o  achieve mixing using the  electrohydrodynamic, conductivity- 
gradient  mechanisms. I n  Figure 6. la ,  an e l e c t r i c  f i e l d  is imposed 
tangent ia l ly  t o  t h e  i n t e r f a c e  between two l i q u i d s  of d i f f e r i n g  
conduct ivi t ies .  I f  an e l e c t r i c  f i e l d  is a?pl ied,  the  i n t e r f a c e  w i l l  
start t o  d i s t o r t  and mixing w i l l  start almost immediately. Visual 
observation shows t h a t  t h e  s c a l e  of the  mixture begins t o  change 
very quickly. Af te r  a period of time inversely dependent on the 
applied e l e c t r i c  f i e l d ,  a reasonably homogeneous mixture is achieved. 
Hoburg has obtained experimental evidence t h a t  the required mixing time 
is re l a t ed  t o  t he  electr ic-viscous t i m e  discussed i n  t he  next sec t ion .  
Somewhat s imi l a r  r e s u l t s  a r e  obtained f o r  the case  of an e l e c t r i c  
f i e l d  applied perpendicular t o  the  in t e r f ace ,  a s  shown i n  Figure 6.lb.  
Most i f  no t  a l l  of t he  experiments t o  d a t e  have been performed with 
miscible ,  i n su l a t ing  d i e l e c t r i c  l i q u i d s  and with e l ec t ro ly t e s .  Good 
mixing of conductivity-doped corn o i l  and of freon/corn o i l  mixtures 
has  been observed. Apparently, no experiments have yet  been performed 
with immiscible combinations. 
- 
ctrode 
(a) Electric Field parallel  to  interface between liquids 
of dif  ferlng conductivities. 
e l ec t  rode 
(b) Electric f I eld perpendicular to interf ace between 
liquids of differing conductivities. 
Figure 6 .1  Two Fundamental Electrohydrodynamic Mixing Schemes, 
3. The Electric-Viscous Time 
Helcher has  i d e n t i f i e d  an e lec t r ic -v iscous  c h a r a c t e r i s t i c  
2 time ( T ~  = U/LE ) which is a common modulus i n  u n y  v l a c o u ~  
darninated electrohydrodynamic problems [17],  Hoburg has recognized 
t h a t  t h i s  same time constant  plays a c r u c i a l  r o l e  i n  EHD mixing 
problems involving a conduct ivi ty  grad ien t  [ l l ] .  This  quant i ty  
2 
~ / E E  is  bes t  i n t e rp re t ed  a s  t he  time required t o  e f f e c t  s u b s t a n t i a l  
mixing of ohmic conductors on a s c a l e  comparable t o  the gradient .  
Note t h a t  T~ is a s t rong  inverse  funct ion of t h e  e l e c t r i c  f i e l d ;  thus ,  
i t  is  poss ib le  t o  con t ro l  mixing r a t e s  through con t ro l  of the  appl ied 
vo l tage  . 
The e lec t r ic -v iscous  time is  usefu l  i n  r e l a t i v e  comparisons of 
t h e  e f f i cacy  of EHD mixing of var ious l i qu id  substances.  It  is 
convenient t o  relate T t o  t he  joulean hea t ing  r a t e :  
m 
Figure 6.2 p l o t s  rm versus  P d i s s  f o r  a number of f l u i d s .  The f i g u r e  
shows t h a t  electrohydrodynamic mixing is not  l imi ted  t o  i n su l a t i ng  
d i e l e c t r i c  l i q u i d s ,  but includes some moderate conductors such a s  
methyl a lcohol  and water. Further ,  some mixing processes may t o l e r a t e  
o r  even benef i t  from some joulean heating. It is c l e a r ,  however, 
t h a t  E)rD mixing of good conductors ( l i qu id  metals,  e t c . )  is not 
l i k e l y  t o  be e f f e c t i v e  due t o  completely unacceptable joulean hea t ing  
l eve l s .  
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C. Conclusions 
1. Discussion 
Two potential applications of electrohydrodynamic mixing appear 
promising in space processing. These are (i) the intermediate scale 
mixing of miscible substances (or poesibly the promotion of diesolution 
of solids in liquids, and (ii) the mixing of imiscible substances to 
form alloys and composites. A hindrance to thorough assessment of 
the latter application is the lack of appropriate properties of relevant 
materials in their liquid states. Another problem is the fact that 
no experimental attempt to mix immiscibles has been reported. 
Several general conclusions can be made in summary of the fore- 
going discussion of this chapter. 
Electrohydrodynamic mixing is effective on mixing 
scales intermediate between those of mechanical stirring 
(large scale) and diffusion (small scale). 
MD mixing is characterized by the electric-viscous time, 
which is proportional to the inverse of the square 
of the electric field. Mixing rates may thus be 
controlled by varying the applied electric field. 
EHD mixing is practically limited to liquids with 
moderate or poor conductivity. Electrolytic solutions 
are probably acceptable, but highly conducting 
substances such as liquid metals are not. 
2. Proposed Future Work 
Reger [33] has identified a class of immiscible crystalline 
organic couples which are of interest in space processing, due to 
their potentially attractive optical properties. He also mentions 
the value of mixtures of certain insulating and semi-insulating 
materials. The immiscible crystalline organics appear well-suited to 
mixing using electric fields in a zero-gravity environment, because 
the proposed application of these couples, Christiansen IR filters, 
requires fairly precise control of the mixture scale. An experimental 
program aimed at studying electrohydrodynamic mixing of certain 
immiscible couples is presently being proposed. 
V I I .  SWURY AND CONCLUSION 
I n  t h i s  chapter ,  the r e s u l t s  of t h i s  study of eltctrohydrodynamic 
space processing a r e  presented i n  sunmary form. Baaed on these 
r e s u l t s ,  conclusions a r e  drawn about the  p o t e n t i a l  value of var ious  
EHD space processing concepts. I den t i f i ca t i on  is  made of cases  where 
more bas ic  experimental research is ca l l ed  form. 
A. General Discussion 
The purpose of t h i s  research program has been t o  i nves t i ga t e  the  
e f f e c t s  and app l i ca t i ons  of electrohydrodynamic phenomena on space 
processing. The approach has included experimental work and theo re t i ca l  
ca lcu la t ions ,  performed t o  test t he  f e a s i b i l i t y  of var ious  concepts. 
Some of t he  experiments required t h e  s imulat ion )of a zero- or  low-gravity 
environment. This was achieved by the  use of a high pressure ves se l ,  
which was designed and constructed during t h e  course of t h i s  research 
program. Appendix B contains  a desc r ip t i on  of t h i s  f a c i l i t y .  
A se r ious  l im i t a t i on  of  t h i s  s tudy is the  lack of da ta  on ma te r i a l s  
i n  the  molten s t a t e .  Such e l e c t r i c a l  p rope r t i e s  a s  d i e l e c t r i c  constant ,  
conduct ivi ty ,  and breakdown s t r eng th ,  and mechanical p roper t ies ,  such 
a s  v i s cos i t y ,  e t c . ,  a r e  necessary t o  a proper evaluat ion of proposed 
electrohydrodynamic space processing concepts.  For molten ma te r i a l s ,  
e.g. , p l a s t i c s ,  such p rope r t i e s  a r e  apparent ly  non-existent . This 
is unfortunate  because EHD e f f e c t s  might be very usefu l  i n  the handling 
and con t ro l  of p l a s t i c s .  Without t h i s  da ta ,  i t  is  not possible  t o  
draw f i rm conclusions about the  zero-gravity processing of p l a s t i c s  
using e l e c t r i c a l  f i e l d s .  S t i l l ,  t he  t h e o r e t i c a l  ca l cu l a t i ons  a r e  
presented i n  such a way t h a t  new ma te r i a l s  can be e a s i l y  evaluated 
f o r  t h e i r  p o t e n t i a l  appl ica t ion ,  once the  appropriate  proper t ies  a r e  knovn. 
B. Specif i c  Conclusions 
1. Dielectrophoret ic  Unit Separation and Bubble Posi t ioning 
Liquid-gas separa t ion  shows promise i n  app l i ca t i ons  
r e l a t ed  t o  bubble purging i n  mel ts  and bubble con t ro l  
i n  cryogenics. 
Liquid-liquid separa t ion  does not appear t o  be workable, 
because t h e  l i q u i d  bubbles d i s t o r t  s i g n i f i c a n t l y  
when s t rong  e l e c t r i c  f i e l d s  a r e  applied. 
Liquid-solid separa t ion  is a promising means t o  s epa ra t e  
small p a r t i c l e s  of d i e l e c t r i c  ma te r i a l  out  of another 
l i q u i d  d i e l e c t r i c ,  though q u i t e  s t rong  e l e c t r i c  f i e l d s  
a r e  required,  due t o  the  normally very small d i f f e r ence  
i n  d i e l e c t r i c  cons tan ts  f o r  the  l i qu id  and so l id .  
Dielectrophoret ic  bubble pos i t ion ing  and con t ro l  has 
p o t e n t i a l  app l i ca t i ons  i n  l a s e r  fusion t a r g e t  
production, cryogenics,  and o p t i c a l  devices .  
Dielectrophoresis  is  s t r i c t l y  l imi ted  t o  i n su l a t i ng  
d i e l e c t r i c  l i q u i d s  by joulean hea t ing ,  which produces 
excessive hea t ing  i n  semi-insulating l i q u i d s  such a s  
water o r  methyl a lcohol .  
Dielectrophoresis  can be hampered by electroconvect ion 
i f  dc e l e c t r i c  f i e l d s  a r e  used. For ac f i e l d s  the  e f f e c t  
i s  not  apparent. 
Diffusion e f f e c t s  limit t h e  lower s i z e  of p a r t i c l e s  o r  
bubbles t o  > l u m ;  an upper l i m i t  on vapor bubble s i z e  is 
imposed by bubble d i s t o r t i o n .  
2. Electrohydrodynamic Liquid Handling 
The s t a t i c  con t ro l  of i n su l a t i ng  pola r izab le  l i q u i d s  such 
a s  organic d i e l e c t r i c s  or cryogenics has been demonstrated. 
Possible  app l i ca t i ons  include l i qu id  conta iners  and 
measures, p lu s  molding of molten media. 
The dynamic con t ro l  of i n su l a t i ng  po l a r i zab l e  l i q u i d s  i n  
siphons and o ther  electrohydrodynamic flow s t r u c t u r e s  
has p o t e n t i a l  appl ica t ion  i n  the  con t ro l  of coolar'ts 
and cryogenics i n  zero-gravity.  
Because s t rong  e l e c t r i c  f i e l d s  a r e  requi red ,  f l u i d s  or ien ted  
by po la r i za t i on  forces  a r e  subjec t  t o  joulean hea t ing ,  and 
t h i s  heat ing i s  excessive i n  a l l  but the  i n su l a t i ng  
d i e l e c t r i c  l i qu ids .  Such l i q u i d s  a s  water cannot be 
or ien ted  s t a t i c a l l y  o r  dynamically by these  means. 
Electrical breakdown of the vapor or liquid is another 
significant limit on the statjc or dynamic orientation 
of dielectric liquids with electric fields. 
Other problem include charge relaxation, vhich limits 
the use of dc electric fields, and surface resonances, 
which limit useable electric field frequencies and 
require precautions regarding mechanical vibrations. 
3. Electrostatic Extrusion 
Electrostatic extrusion of continuous solid filaments 
of material from molten fluid masses has been proposed 
but not yet demonstrated experimentally, due to the 
difficulty in finding suitable materials with low 
melting points and moderate conductivities. 
Feasibility considerations were severely hampered by 
the lack of material properties data for substances 
in their molten states. 
Electrostatic extrusion is one area of electrohydrodynamic 
space processing where the electrical conductivity 
limitation should not be too severe. 
4. Electrohydrodynamic Effects on Crystal Growth 
A literature search into the effects of electric fields 
on crystal growth uncovered several effects which might 
be of interest in zero-gravity crystallography. 
5 .  Electrohydrodynamically Controlled Mixing 
EHD mixing of inhomogeneous mixtures can be effective on 
scales intermediate between those of diffusion and 
mechanical stirring. 
Application possibilities include the mixicg of imrmiscible 
couples and composite materials, mixing of reactive 
components in chemical proceeses, promotion of diseolution 
of solids in liquids. 
Joulean heating limits the mixing components to insulating 
and semi-insulating liquids (probably including aqueous 
mixtures). 
Key experiments with immiscible couples have to be 
performed to determine the real efficacy of electrohydro- 
dynamic mixing of certain potentially practical 
substances. 
C, Future Work Recommendations 
1. Molten media prop- r t ie r  acqu i s i t i on  
It would be very bene f i c i a l  t o  any f u t u r e  assessment of  
t he  electrohydrodynamic e f f e c t s  and t h e i r  app l i ca t i on  t o  space 
processing i f  a d a t a  bank on t h e  p rope r t i e s  of a v ide  rarrge of 
ma te r i a l s  could be compiled, For example, t he  e l e c t r i c a l  conduct ivi ty  
and d i e l e c t r i c  constant  of molten p l a s t i c s  would have been very 
useful .  Other p rope r t i e s  such a s  v i s c o s i t y ,  sur face  tension,  e t c . ,  
would a l s o  be useful .  
2. E l e c t r o s t a t i c  Extrusion 
The i n t e r e s t  i n  producing continuous f i laments  of boron, 
o r  o ther  mater ia l s ,  is  s t rong  enough t h a t  t he  e f f o r t  might be put 
i n t o  a demonstration experiment wi th  a more e a s i l y  handled substan .... 
Sulfur  has a r e l a t i v e l y  low melt ing poin t ,  and i ts  e l e c t r i c a l  
conduct ivi ty  i n  t h e  molten s t a t e  is probably i n  t he  co r r ec t  range, s o  
t h a t  i t  might be  chosen f o r  t h i s  demonstration experiment. 
3. Electrohydrodynamic Mixing of Immiscibles 
The i d e n t i f i c a t i o n  of a c l a s s  of immiscible c r y s t a l l i n e  
organic couples which might have i n t e r e s t i n g  app l i ca t i ons  i n  I R  
f i l t e r s  [31] prompts t he  recommendation t h a t  EHD mixing mechanisms be 
considered i n  g rea t e r  d e t a i l  than has been achieved i n  the  present  
study. A s  discussed i n  Chapter V I ,  END mixing is  con t ro l l ab l e  through 
t h e  e l e c t r i c  f i e l d  s t rength .  This capab i l i t y  may be important i n  
preparat ion of Chris t iansen type I R  f i l t e r b ,  which cons i s t  of 
h i s c i b l e  mater ia l s  mixed on a s c a l e  roughly equal t o  the  wavelength 
of t h e  desired I R  t r a n m i d s i o n  spectrum. 
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APPENDIX A 
(Abstract of paper which appeared i n  Journal  of Applied Physics,  Vol. 
45, Apri l ,  1974, pp. 1487-1491) 
HYDROSTATICS AND STEADY DYNAMICS OF SPATIALLY VARYING 
ELECTROMECHANICAL now STRUCTURES 
by Thomas B. Jones 
Department of E l e c t r i c a l  Engineering 
Colorado S t a t e  University 
F t .  Col l ins ,  CO 80523 
The hydros t a t i c  and s teady laminar hydrodynamic e q u i l i b r i a  of 
s p a t i a l l y  varying electromechanical flow s t r u c t u r e s  a r e  inves t iga ted .  
Under c e r t a i n  condi t ions t h e  r e l a t i onsh ip  between the  d i e l e c t r i c  
height  of r i s e  and the  appl ied vo l tage  is found t o  be double valued. 
It is found t h a t  one of t h e  two equi l ibr ium values  i s  always 
unstable.  This gives  rise to  t he  experimentally observed spontaneous 
rise of t h e  f l u i d  t o  t he  top of t he  s t r u c t u r e ,  once a c e r t a i n  c r i t i c a l  
vol tage is  reached. S t a r t i n g  above t h i s  c r i t i c a l  vol tage with the  
s t r u c t u r e  completely f i l l e d  and decreasing the  appl ied vol tage toward 
the  c r i t i c a l  value r e s u l t s  i n  pinch-in f a i l u r e  a t  an intermediate  
point  along t h e  s t r u c t u r e  and t rapping of d i e l e c t r i c  f l u i d  a t  t he  top. 
The simple mathematical model developed p red i c t s  a l l  these  phenomena, 
without recourse t o  tedious point-by-point sur face  force equi l ibr ium 
determination. Experiments a r e  reported which v e r i f y  the r e s u l t s  
f o r  t he  hydros ta t ic  case.  
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Appendix B 
D e s c i i p t i o n  of P r e s s u r e  Vessel  des ipned,  b u i l t  and used i n  Experimental  
Electrohydrodynamic Liquid Handling Experiments 
A p r e s s u r e  v e s s e l  was designed and b u i l t  a s  p a r t  of t h l s  r e ~ e a r c h  
p r o j e c t .  The f a c i l i t y  i s  unique i n  t h a t  i t  has  h igh v o l t a g e  ? I < - t r i c a l  
f e r3 th roughs ,  as w e l l  as low v o l t a g e  feedthroughs ,  and obse rva t ion  
p o r t s .  The c o n f i g u r a t i o n  is  c y l i n d r i c a l ,  wi th  two o b s e r v a t i o n  p o r t s  
mounted a t  a 90' ang le  wi th  r e s p e c t  t o  each o t h e r .  The i n s i d e  v e s s e l  
d iameter  is 11 1/2", and t h e  i n s i d e  v e r t i c a l  l e n g t h  is 14". The t o p  
is  a b l i n d  f l a n g e ,  which can be removed t o  g ive  a c c e s s  t o  t h e  i n s i d e .  
The ; , r e s sure  v e s s e l  i s  designed t o  a maximum 450 p s i g ,  wi th  a sub- 
s t a n t i a l  s a f e t y  f a c t o r .  Two 50 k V  high v o l t a g e  e l e c t r i c a l  feedthroughs ,  
and f o u r  low v o l t a g e  feedthroughs ,  a r e  mounted on the top  f l a n g e .  
The p r e s s u r e  v e s s e l  is shown i n  F igure  B . 1 .  
Fi~ t l re  R . 1  Pressure !re'essel with Observation Ports and High 
Voltage Feedthrough s Shntm 
NOMENCLATURE 
acce lera t ion  
spec i f i c  heat 
drag coe f f i c i en t  fo r  sphere 
e l e c t r i c  f i e l d  s t rength  
breakdown e l e c t r i c  f l u i d  s t rength  
e l e c t r i c  f i e l d  frequency 
e l e c t r i c a l  body fo rce  densi ty  
force  
g rav i t a t i ona l  acce lera t ion  (9.81 2)  
sec 
e f f ec t ive  g rav i t a t i ona l  accelerat ion 
d i e l e c t r i c  height of r i s e  
cur ren t  densi ty  
long dimension of para l le l -p la te  electrohydrodynamic l iqu id  
o r i en t a t ion  s t r u c t u r e  
mass flow r a t e  
l i qu id  hydros ta t ic  pressure 
ambient hydros ta t ic  pressure 
ohmic power d iss ipa ted  per un i t  volume 
radius of d i e l e c t r i c  spheres o r  bubbles 
time 
ternpr-ature 
time r a t e  of change of temperature 
vol tage 
- electrodeplatewidth 
- surface tension 
- dielectric permittivity 
- dynamic viscosity 
- liquid surface displacement 
- liquid density 
- freechargevolume densit 
P 
- kinematic viscosity (;) 
- electr ical  conductivity 
T - charge relaxation time constant (5)  
u 
T 
m 
- electric-viscous time (5) 
uE 
